Cervical mucins and fragments thereof were studied by sedimentation-velocity, rotatory viscometry and laser light-scattering performed as photon-correlation spectroscopy as well as low-angle total-intensity measurements. The Mr of the whole mucins is 10 x 106-15 x 106, whereas fragments obtained after reduction of disulphide bonds ('subunits') have Mr 2.1 x 106-2.9 x 106, depending on the method used. Subsequent trypsin digestion of subunits afforded glycopeptides with Mr approx. 0.4 x 106. The high frictional ratio for the whole mucins is interpreted as a large degree of expansion. The Stokes radius calculated from the diffusion coefficient is approx. 1 lOnm for the whole mucins, which is in agreement with that estimated from the radius of gyration (1 30nm) by using the concept ofthe equivalent hydrodynamic sphere. The ratio of the concentration-dependence parameter for the reciprocal sedimentation coefficient (Ks) to the intrinsic viscosity ([il]) for the whole mucins is 1.42, suggesting that the individual macromolecule occupies a spheroidal domain in solution. The relationship between [?I] and M, for whole mucins, subunits and T-domains suggests that they are linear flexible macromolecules behaving as somewhat 'stiff' random coils. This conclusion is supported by the relationships between the sedimentation coefficients, the diffusion coefficients and the Mr. The hydrodynamic behaviour of the mucins is thus close to that expected for coiling macromolecules entrapping a lot of solvent, which is consistent with the postulated polymeric structure.
Cervical mucins and fragments thereof were studied by sedimentation-velocity, rotatory viscometry and laser light-scattering performed as photon-correlation spectroscopy as well as low-angle total-intensity measurements. The Mr of the whole mucins is 10 x 106-15 x 106, whereas fragments obtained after reduction of disulphide bonds ('subunits') have Mr 2.1 x 106-2.9 x 106, depending on the method used. Subsequent trypsin digestion of subunits afforded glycopeptides with Mr approx. 0.4 x 106. The high frictional ratio for the whole mucins is interpreted as a large degree of expansion. The Stokes radius calculated from the diffusion coefficient is approx. 1 lOnm for the whole mucins, which is in agreement with that estimated from the radius of gyration (1 30nm) by using the concept ofthe equivalent hydrodynamic sphere. The ratio of the concentration-dependence parameter for the reciprocal sedimentation coefficient (Ks) to the intrinsic viscosity ([il] ) for the whole mucins is 1.42, suggesting that the individual macromolecule occupies a spheroidal domain in solution. The relationship between [?I] and M, for whole mucins, subunits and T-domains suggests that they are linear flexible macromolecules behaving as somewhat 'stiff' random coils. This conclusion is supported by the relationships between the sedimentation coefficients, the diffusion coefficients and the Mr. The hydrodynamic behaviour of the mucins is thus close to that expected for coiling macromolecules entrapping a lot of solvent, which is consistent with the postulated polymeric structure.
Cervical mucus plays an important role in the physiology of reproduction. During the ovulatory cycle profound changes occur in the rheology of the mucus gel, affecting, for example, spermatozoal migration. The gel is formed by the mucus glycoproteins (the mucins), and knowledge of their characteristic macromolecular features is a prerequisite for an understanding of how these biopolymers determine and regulate the properties of mucus. No structural differences between mucins isolated from different phases of the ovulatory cycle have been revealed.
The particular features of the mucins, apart from their size, contributing to the formation and properties of the mucus gel are not clearly defined. It has been proposed that entanglement alone of the macromolecules is sufficient to explain the properties of cervical mucus (Lee et al., 1977a,b) .
Silberberg & Meyer (1982) suggest that, in addition $ To whom requests for reprints should be addressed.
to entanglement, specific 'lectin-like' regions contribute to the formation of the gel. A study on mucins from cystic-fibrotic sputum has provided evidence for a weak isodesmic association between the macromolecules (Harding & Creeth, 1982) .
We have developed a protocol for the isolation of mucins under conditions that should minimize degradation by tissue proteinases (Carlstedt et al., 1983a) . A tentative model for their macromolecular architecture has also been proposed (Carlstedt et al., 1983b Mucins and fragments thereof were prepared as described previously (Carlstedt et al., 1983a,b) . In summary, human cervical pregnancy mucus was treated with 2mM-di-isopropyl phosphorofluoridate and solubilized in 6M-guanidinium chloride /5 mM-N-ethylmaleimide / 5 mMNa2EDTA/ lOmM-sodium phosphate buffer, pH6.5. After high-speed centrifugation the soluble mucins (approx. 85% of the total) were subjected to isopycnic density-gradient centrifugation in CsCl/4M-guanidinium chloride (initial density 1.39g/ml). This purification step was repeated to ensure complete removal of non-mucin proteins. Nucleic acids were finally removed by isopycnic density-gradient centrifugation in CsCl/0.2M-guanidinium chloride (initial density 1.50g/ml). Purity was assessed by analytical density-gradient centrifugation and by polyacrylamide-gel electrophoresis in sodium dodecyl sulphate.
Reductive fragments of the mucins ('subunits') were prepared by isopycnic density-gradient centrifugation in CsCl/4M-guanidinium chloride (initial density 1.39g/ml) after reduction in 6M-guanidinium chloride/lOmM-dithiothreitol/O.1M-Tris/HCl buffer, pH 8.0, for 5 h at 37°C followed by alkylation with 2.5-fold molar excess of iodoacetamide over dithiothreitol in the dark overnight.
Glycopeptides (T-domains) were prepared by trypsin digestion of subunits in 0.1 M-Tris/HCl buffer, pH 8.0, at 37°C overnight, and were isolated by isopycnic density-gradient centrifugation as described for the subunits. (Pusey, 1974) Tanford, 1961a) . Measurements were performed at 25°C and data were plotted in accordance with Zimm (1948) .
The refractive index (nB) of benzene at the laser wavelength (632.8 nm) was determined by extrapolation from a plot of (n -1) versus A-2 obtained by using data from Coumou (1960) . A value of 1.495 was found. The RB for benzene at 632.8nm was determined with aqueous suspensions of colloidal silica (Ludox). Ludox solutions were treated and clarified with the precautions outlined by Utiyama (1972) . A calibration constant is given by C = (3/8xr)(2.303A/O/AI(90), where AI(90) is the excess scattering at 90°and A is the absorbance for the Ludox solution in a cell of pathlength /cm (Jolly & Eisenberg, 1976 (Casassa & Eisenberg, 1964) was determined with a Waters R401 differential refractometer as described previously (Carlstedt et al., 1983b) .
Ultracentrifugation
Sedimentation-velocity experiments were performed with an MSE 75 analytical ultracentrifuge (Centriscan) with the schlieren optics. Samples were dialysed against 6M-guanidinium chloride/ I mM-Na2EDTA/ 1 mM-sodium phosphate buffer, pH 6.5. The apparent sedimentation coefficients were determined from the peak positions and I/sapp. was extrapolated to zero concentration.
Viscosity
Viscosity was measured with a Couette-type viscometer similar to that described by Ogston & Stanier (1953) but modified to the cone-and-plate principle (Mooney & Ewart, 1934 Results and discussion Total-intensity light-scattering A Zimm plot of data for the whole mucins is shown in Fig. (a) . The Mr was 1 1.1 x 106 and the RG was 200nm, in agreement with values reported previously (Carlstedt et al., 1983b) . The Malvern instrument permitted measurements at much lower angles than the instrument used previously (Carlstedt et al., 1983a,b) , and with the higher wavelength of the incident light used (632.8nm as compared with 436nm) a limiting value for h2RG2 (h is the scattering vector as defined above) of 0.55 was reached as compared with 4.55. This should ensure that the limiting slope of the particle versus concentration (b) for whole mucins Samples were dialysed into 6M-guanidinium chloride/I mM-Na2EDTA/I mM-sodium phosphate buffer, pH 6.5. Readings were taken at 0 = 150, 20° 
Photon-correlation spectroscopy
The translational diffusion coefficient (DT) for the whole mucins showed a pronounced angular dependence (Fig. 2a) . This behaviour is characteristic for large molecules and has been described, for example, for cervical mucins (Lee et al., 1977a,b) and for DNA (see, e.g., Schurr, 1977) . The apparent diffusion coefficients were extrapolated to zero angle and plotted against the concentration (Fig. 2b) . The values of (DT)1 were always somewhat lower than those of (DT)2, which is probably explained by a larger contribution from the largest particles to the forced linear fit than to the linear term of the quadratic fit. The difference between (DT)1 and (DT)2 was more pronounced at high concentrations, suggesting the presence of a larger fraction of big particles formed by self-association and/or an increased restriction of random motions. The increase of the polydispersity parameter (Q) with concentration is also consistent with a broader range of correlation times, which could be interpreted as a formation of larger macromolecular units at higher concentrations. The angular dependence of DT was not very pronounced for the subunits and the T-domains (Fig.  3a) , and further measurements were consequently only performed at 20°. The concentration-dependence of (DT)2 together with the cognate values of Q is shown in Figs. 3(b) and 3(c) (Carlstedt et al., 1983b) . With the assumption that the sedimentation coefficient is the weight-average, combination with the z-average DT will yield the weightaverage relative molecular mass (Kinell, 1959) .
A higher Mr for the whole mucins was obtained by sedimentation-diffusion than by light-scatter- ing. Part of the difference could be due to errors in the refractive-index increment and the partial specific volume, but the discrepancy is too large, in our opinion, to be explained solely by this. Two other possible explanations should be considered. Firstly, the total-intensity light-scattering data (Fig. lb) suggest that a partial aggregation might take place at concentrations above 0.5mg/ml. As sedimentation-velocity experiments could only be performed at concentrations of approx. 0.5mg/ml and above, the s values might be too high to be combined with the cognate DT that could be measured down to approx. 50sg/ml. A second possibility is that the frictional coefficients for the macromolecules during sedimentation and during diffusion are not identical, which is an implicit assumption in the derivation of the Svedberg equation. 
Viscometry
A pronounced shear-dependence was observed for the whole mucins (Fig. 4a) , whereas subunits and T-domains were little affected (results not shown). The reduced viscosity (ui,p./c) plotted against the concentration (c) for whole mucin showed a distinct upward curvature with a sharp rise at approx. 1.5-2mg/ml (Fig. 4b) (Morris et al., 1981) , it was noted that the whole mucins as well as the fragments could be described by the same line with a slope of approx. 1.3, close to the behaviour of many linear coiling macromolecules in dilute solution (Fig. 4c) Table 2 . Random coils can be treated as spherical particles with an equivalent hydrodynamic radius, R. = RG/1.51, where RG is the radius of gyration (Flory, 1953) . Re values of 132nm and 50 nm were obtained for the whole mucins and the subunits respectively, showing that the dimensions observed by light-scattering are in agreement with those calculated from the diffusion coefficients and the intrinsic viscosities.
The frictional ratio (flfmin.) is defined as the ratio between the actual frictional coefficient and that calculated for the corresponding unsolvated sphere (fmin.). The frictional ratio was analysed to estimate limits on shape (axial ratio, a/b) and 'hydration' (Pmax.) as outlined by, for example, Tanford (1961b) and Cantor & Schimmel (1980) . The high frictional ratios obtained can be interpreted as either a very high axial ratio (i.e. the molecules are extremely asymmetric) or as a large degree of 'hydration' (i.e. the molecules are highly expanded). As data from light-scattering (Carlstedt et al., 1983b) are not compatible with a rodlike structure but would rather fit a flexible chain, we conclude that the high frictional coefficient must be due to expansion. Although the numbers for the axial ratios and the maximum hydration calculated from the intrinsic viscosities are somewhat different from those derived from the diffusion coefficients, they point towards the same conclusions.
The radii of gyration predicted from the intrinsic viscosities with the Flory-Fox treatment of a random coil (Flory, 1953) are 127nm, 53nm and 20nm for whole mucins, subunits and T-domains respectively, substantially lower than those observed by light-scattering (Carlstedt et al., 1983b) . The radius of gyration was also calculated from the intrinsic viscosities by assuming rod-like struc- All measurements were performed in 6M-guanidinium chloride/i mM-Na2EDTA/l mM-sodium phosphate buffer, pH 6.5. The values within parentheses are corrected to standard conditions (water, 20°C). The partial specific volume used were: whole mucins, 0.67ml/g; subunits, 0.66ml/g; T-domains 0.65 ml/g. The same values were used for water as for 6M-guanidinium chloride. The z-average diffusion coefficients were obtained from the linear term of the quadratic fit of the correlogram and were corrected to 20°C. The M(s0[til) was determined with the ScheragaMandelkern equation with a value off = 2.6 x 106 ([(?] expressed in dl/g). The M(s°/D°) is a weight average (Kinell, 1959) . (Carlstedt et al., 1983b (flfmin.) is the ratio between the actual frictional coefficient and that of the cognate unsolvated sphere, and was used to obtain limits on shape (a/b) and 'hydration' (Pmax.) of the macromolecules. The axial ratio (a/b) for a prolate ellipsoid and the maximum 'hydration' (Pmax.) expressed as g of water/g of macromolecule was estimated with the assumption that the molecules are unsolvated and spherical respectively. The axial ratio and the maximum 'hydration' was also estimated from the Einstein-Simha equation
SO (S)
[I] = v(i2 +pv,) = v(VhN/M), where v is the shapedependent Simha factor and Vh is the volume of the hydrated macromolecule. The p-ratio is defined as RG/RC (Burchard et al., 1980) and K, as s°d(1/s)/dc (see, e.g., Creeth & Knight, 1965 (Wales & Van Holde, 1954) . It has been shown, however, that a ratio of approx. 1.6 is characteristic for all macromolecules with a spherical conformation whether compact or expanded, and that a lower value suggests an increasing contribution by asymmetry (Creeth & Knight, 1965) . A value of 1.42 was obtained for whole mucins and subunits, whereas that of the Tdomains was 1.28 ( Fig. 5(a) The hydrodynamic data for the whole mucins and the subunits are thus in keeping with the behaviour expected for a random coil, which is in agreement with the proposed polymeric structure for the mucins (Carlstedt et al., 1983b) . However, for the T-domains there is a discrepancy between the RG, and thus the p-ratio, favouring a rod-like structure, and the parameter K,/[ti], which is consistent with expansion rather than with asymmetry. The latter interpretation is corroborated by the slope of the plot of log[?I] versus log Mr. An over-estimation of the RG (which is a z-average) is a likely explanation, but the possibility of a conformational instability due to the presence of a flow-field should in our opinion, also be considered. The model proposed for the macromolecular structure of the cervical mucins (Carlstedt et al., 1983b) should be modified to account for flexibility within the highly glycosylated regions (the T-domains).
General discussion
Mucus is a hydrated gel containing approx. 95-99.5% of water, depending on its physical properties and physiological function. The gel is formed by the mucins, which account for about half of the non-diffusible solids in mucus. Disulphide bonds have been implicated in this 'cross-linking', and many investigators have, in addition, postulated the presence of 'cross-linking' factors (e.g. proteins) to explain the physical properties of the gel (see, e.g., Clamp et al., 1978) .A 70000-Mr protein has been suggested to 'organize' the 'subunits' in the covalent polymeric structure of gastric mucins (Pearson et al., 1981) . In our opinion the basic gelforming unit of mucus is the largest mucin that can be isolated after the breakage of all non-covalent bonds in the gel. Consequently disulphide bonds neither 'cross-link' the mucins (with or without the aid of 'cross-linking' proteins) nor participate in the polymerization of the mucus gel, although such bonds appear to be vitally important for the integrity of the individual mucin as a macromolecule.
Physical entanglement must be an important factor in the formation of cervical mucus, as the solvent domains of the mucins will overlap at a concentration much lower than that found in mucus. Assuming that the whole mucins occupy a spherical domain with the same radius as the RG, it is estimated that the macromolecules would start to interpenetrate at approx. 0.5 mg/ml. The degree of interpenetration, and thus entanglement, is dependent on the size and shape of the macromolecules. The Mr of the cervical mucins is in the order of 10 x 106-15 x 106, and we suggest that the true value is close to the lower limit. The hydrodynamic 'model' of the mucins emerging from all hydrodynamic techniques used here is that of a somewhat expanded coil within a spheroidal solvent domain. This is close to the classical description of a random coil in a good solvent, and also fits the model suggested for the polymeric structure of the mucins (Carlstedt et al., 1983b) . The large solvent entrapment is in keeping with the high water content of the mucus gel.
The size and the volume occupancy of the mucins will pose a problem for the packaging of the macromolecules in the storage granules of the secretory cell. It is noted that the length of a fully extended cervical mucin would be in the order of 4-6ym, thus exceeding the diameter of the secretory granule. Before secretion the mucins must be stored in a form where the conformational freedom is severely restricted. If secretion is followed by removal of this constraint, the macromolecules would expand and imbibe water, resulting in a pronounced interpenetration and physical entanglement. The content of the individual secretory granulum will swell and form the mucus gel. This perception of the formation of the mucus gel does not, however, preclude the presence of specific 'site'-mediated interactions.
